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Method of predicting the state-of-charge as well as the use time left of a rechargeable battery 



The present invention relates to the estimation of the State-of-Charge (SoC) of 
a rechargeable battery. US patent no. 6,515,453 describes a method of estimating the SoC of 
a rechargeable Lithium-ion battery. 

The main feature of the method is that SoC estimation is performed by means 
5 of voltage measurement when the battery is in the so-called equilibrium state and by means 
of current measurement when the battery is in a non-equilibrium state. In the case of 
equilibrium no or only a small external current flows and the battery voltage has ftdly relaxed 
from previous charges or discharges. The measured battery voltage is practically equal to the 
Electro-Motive Force (EMF) of the battery in equilibrium conditions. Therefore, a stored 

1 0 curve, plotting the EMF versus the SoC expressed in percentage of the full scale, is used to 
translate the measured battery voltage into a battery SoC in percentage of the full scale. 
When the battery is in a non-equilibrium state, the battery is either charged or discharged and 
the charge withdrawn from or supplied to the battery is calculated by means of current 
integration. This charge is subtracted from or added to an SoC value calculated earlier. It is 

1 5 important to note that in equilibrium mode the SoC is expressed in a percentage of the 

maximum capacity Capmax, i.e. on a relative scale. In non-equilibrium however, the current 
integration yields an absolute value of charge and this value needs to be translated to the 
relative scale using the Capmax parameter. 

In addition to estimating the SoC, which is a measure of the amount of charge 

20 still present inside the battery, the method also predicts the remaining time of use of the 
application under predefined conditions. This is done by estimating the time it will take 
before the battery voltage will drop below the so-called End-of-Discharge voltage Veod. This 
is the minimum voltage below which the application will no longer function. In order to 
estimate this time, the course of the battery voltage is predicted for a chosen load condition 

25 based on the present value of the SoC, the stored EMF curve and the so-called overpotential 
function. When a battery is discharged, its voltage can be found by subtracting the 
overpotential from the EMF value. The overpotential depends on several factors, including 
the SoC, current, temperature and time, but also on factors such as the ohmic series resistance 
of the electrodes. 
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The main problem of the existing invention described in US-A-6,5 15,453 is 
that no method is presented to deal with battery spread and ageing. Spread leads to variations 
5 in behaviour of batteries of the same batch. Ageing of a battery will cause the parameters 
determining the battery behaviour to change. When no precautions are taken in the SoC 
algorithm, i.e. parameters in the algorithm describing battery behaviour axe kept constant, the 
estimations of the SoC will become less and less accurate, the more the actual battery 
behaviour changes due to ageing. Therefore, it is essential to add some kind of adaptivity to 
1 0 the algorithm. 

In earlier research it was found that the shape of the EMF curve, when plotted 
on a relative or percentage scale, hardly changes when the battery ages. The EMF curve does 
depend on temperature to some extend, but the temperature dependence is known in the form 
of a physical equation in which temperature occurs as variable. When this physical equation 
15 is used to store the EMF curve, the temperature-dependence of the EMF curve can be dealt 
with. This latter fact was not considered in US-A-6,420,851, but is considered in this 
invention. 

The fact that the EMF curve shape hardly depends on battery ageing is used in 
US patent no. 6,515,453 as an advantage. Because the shape of the EMF does not change 

20 during ageing, the SoC determined from the EMF curve is used to calibrate the system. 

However, it is commonly known that the maximum battery capacity Cap maK decreases over 
time (named qmax in US patent no. 6,515,453). This is not dealt with in patent US 6,515,453. 
This has some serious consequences, as the translation of integrated charge to a percentage 
scale in non-equilibrium states is performed based on this Capmax parameter. Moreover, as 

25 will be shown later, the remaining time of use indication based on the overpotential 
description also uses the Capmax parameter. 

A simple method to update Cap raax is based on relating the integrated charge 
withdrawn from a battery in non-equilibrium (discharge) mode to the difference in SoC (in 
%)Mequilifoxi^^ 

30 necessargrto hasre a succession of states in the algorithm of equilibrium' state -> discharge 
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determined, because the user will switch on the device again leading to a shift back to 
discharge state. It is an advantage to perform the Capmax update under conditions that are 
more or less under control. This is the case during charging: the charge current is constant, as 
opposed to the discharge current which may vary a lot depending on the application, and the 
5 temperature can be considered constant, because the battery is placed in a charger at a fixed 
position. During discharging the temperature may be variable, especially when the user is 
moving around. Although in the text below figure 6.25 in thesis and book it is mentioned that 
6 a similar updating mechanism can be implemented during charging', this is not further 
explained. Part of this Invention Disclosure describes how to implement this, including some 
1 0 new insights. 

In addition to a decrease in Capmax occurring when the battery ages, the 
overpotential development of the battery will also change over time. A simple reason for this 
is the fact that ohmic series resistance of the electrodes will increase over time. Moreover, 
contact resistance between the battery and portable device terminals will vary over time as 

1 5 well. In addition to variations in ohmic resistance, the other contributions to the overpotential 
related to chemical behaviour of the battery will also change during the lifetime of the 
battery. When this change in overpotential behaviour is not taken into account in the SoC 
algorithm, the 'remaining time of use' estimation, that is based on the overpotential 
behaviour description, will have less and less accuracy when the battery ages. This Invention 

20 Disclosure describes a method of updating the overpotential parameters during charging of 
the battery. 

In summary, a proper updating algorithm for Cap ma x and the overpotential 
function ensures sustained accuracy of the SoC estimation while the battery ages. This 
Invention Disclosure describes these updating algorithms to be applied in the SoC algorithm 

25 of US patent no. 6,515,453. In addition to a description of the overpotential behaviour of the 
battery, which has already been introduced in US patent no. 6,515,453, this Invention 
Disclosure also introduces a physical equation for implementing the EMF curve, including 
temperature as a parameter. In fact, this means that a physical model of the battery is used, 
based on which the battery voltage course for various conditions can be calculated. Using a 

30 physical battery model to predict SoC has been disclosed in US-A-6,01 6,047. 

The proposed updating mechanisms for both Cap ma x and the overpotential 
function take advantage of the fact that the update is performed during charging. As a main 
advantage, the charger can force the battery to proceed through a number of stages necessary 
to update parameter values without user intervention, because the user will place the battery 
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in the charger and leave it there for some time (especially during overnight charging). 
Moreover, the external battery conditions during charging of the battery, including charge 
current and battery temperature, are constant. This makes any update mechanism easier to 
implement, but the methods described below are not restricted to any specific current or 
5 temperature value and can therefore still operate under varying conditions. The basic ideas of 
the updating mechanisms for Capmax and overpotential functions will be explained below, 
including advantages. 

At some moment in time, not necessarily when the battery is empty, the user 
will place the battery in the charger. Upon connection to the charger, the charger should first 

10 check whether the battery is in equilibrium before the battery is charged. At the moment the 
battery is in equilibrium, the SoC (in %) is determined based on the EMF method and 
charging is started. The user will not intervene with this process in practice. During charging 
the charge current is integrated and the accumulated charge Qm, starting at zero when the 
charging current is first applied, is determined 

15 As a possible alternative, when the battery is not in equilibrium when it is connected to the 
charger, the latest SoC value can also be used as a starting value to prevent a long waiting 
time before actual charging can start. It should be noted that the algorithm of US-A- 
6,515,453 uses the equilibrium mode to calibrate the SoC estimation. SoC estimations 
obtained during non-equilibrium modes will slowly drift away from the real value due to the 

20 integration over time of current measurement errors. However, it is very likely to assume that 
the algorithm will reside in equilibrium mode at least once every 24 hours, as the phone will 
be in standby mode only or even off during the night. Therefore, the accumulation of errors 
will only take place over a limited period of less than 24 hours anyway. This means that, 
although waiting for the SoC value in equilibrium mode is preferred, one could also use the 

25 last available SoC estimation from non-equilibrium mode. 

Every rechargeable. Ltionbattery is charged using the _so -called CC-CV 
regime, where_the_battery is first charged with a constant current (CC) and subsequently with 
a constant, voltage (CVJ. In the. CC region the voltage slowly rises until it reaches the value 
specified by the. CV region. At tMs moment the CV region is entered, during which the 

30 batterjrvoltage is actively forced to. remain at the CV level and the charge current wili "drop 
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implementation this could mean that the battery current and voltage measurements should be 
low-pass filtered before being fed to the algorithm. 

An important feature of this method of charging, which is applied in most 
commercially available Li-ion chargers (some chargers end charging in CV mode after a 
5 fixed time), is the fact that by definition the battery voltage has fully relaxed when the charge 
current drops below the current level I m in- Moreover, because of the very small value of this 
current in practice, the battery voltage at that moment is practically equal to the EMF value. 
That means that by definition, each time the charger reaches the stage of Imin at the end of 
charging, the SoC algorithm resides in equilibrium state. Therefore, the necessary condition 
10 that before and after application of the charge current the battery needs to be in a state of 

equilibrium is achieved each time the battery is fully charged. Hence, as an advantage of the 
newly proposed algorithm, updating of Capmax is possible many more times than when this 
method is applied in discharge mode. The new value of Cap max can now be found from: 



15 Cap m ^ = — — — • Q in [C] 

S°C cn a of charging [%] "~ ^^beginning of charging [%] 



where the SoC at the end of charging is obviously higher than the SoC at the beginning of 
charging. Both SoC values are determined based on voltage measurement and the stored 
EMF curve (unless the starting value of SoC is taken from a non-equilibrium value, as 

20 described above). Qin is determined by current measurement and integration during the 
charging process and starts at zero at the beginning of charging. Note that the method is 
independent of the SoC valid when the battery is connected to the charger. An embodiment 
will be sketched in the next section. 

The main problem with overpotentials is that they cannot be measured 

25 directly. One can only measure the battery voltage, which equals EMF+overpotential in 
charge mode, EMF-overpotential in discharge mode and EMF in equilibrium mode. This 
means that when the battery voltage is measured and the EMF is known (which is the case in 
the algorithm of US patent no. 6,515,453), one can derive an estimate of the overpotential. A 
remaining difficulty is the fact that the overpotential depends on many factors, including 

30 SoC, current, temperature, time, and age of the battery, as well as spread with regard to other 
batteries of the same batch. Therefore, an update mechanism should occur when most of 
these variables are kept constant, because otherwise a change in overpotential can be 
attributed to too many different factors. 
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A possible implementation of the overpotential function has been given in US 
patent no. 6,515,453. The general form is repeated here for reference: 



r\ (q, T, J, t) = T| ohm (T, I, t) + ti ct (T, I,t)+r\ diff {T,I,t)+T\ q (g, T, I, t) 



(1) 



10 



The overpotential can be viewed as a sum of the overpotential due to ohmic 
resistance (t| 0 hm), due to charge-transfer resistance Cn*), due to electrolyte 
diffiision/migration(T|diff) and due to solid-state diffusion (rjq). These respective terms can be 
described by (repeated from US patent no. 6,515,453): 



n olm (T,I,t) = I(t)R oAni (T) 



r\ ct (T,I,t) = I(t)R ct (T) 



1-exp 



-t 



n diff (T,I,t) = I(t)R diff (T) 



R ct (T)C dl (T) JJ 
1 — exp 



(2) 
(3) 



_ i 



v 



(4) 



r\ a (q,T,i,t) = i(t)K g ci) 



1 



or .w 



The variables time (t), temperature (T) and current (I) can be clearly 
recognized in these equations. Variable q corresponds to the estimated battery SoC in 

15 absolute terms. In this case, the parameters that can be updated include R 0 hm 3 Rct 5 Cdi 5 Rdifft 
Cjiff and R q . Paramater qmax equals Cap max in this ID and is updated in a separate update 
mechanism described above. 

During charging, the current is constant in CC mode, and the temperature can 
also be considered constant, because in most cases the charger will be used in-house, where 

20 temperature variations: are limited. Moreover, during normal CC charging the charge current 
is not interrupted, so after the oveipoientials have built up at the initial stages of charging 
relaxation processes, (die time variable) also do not play a dominant role. Therefore, updating 
parameters in. the overpotential functions to deal with battery ageing should be performed 
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however, because the I, T, and t variables are taken into account in the overpotential function 
and this dependence can be dealt with in the update mechanism. 

The basic method is that the battery voltage is measured in CC mode, which is 
already implemented by default in all existing Li-ion chargers. In addition to this, the 
5 implemented SoC algorithm estimates the SoC based on current measurement and integration 
(the system operates in the charge state, hence in non-equilibrium), taking the SoC value at 
the start of charging as starting point and using the latest Capma* parameter for a translation 
from Coulombs to a percentage scale. This SoC in percentage can be used to assess the EMF 
value using the same EMF curve that is used the other way around (voltage in, SoC out) in 

10 equilibrium mode. The overpotential can now be determined for this SoC, current and 
temperature values by subtracting the determined EMF value from the measured battery 
voltage value. At the same time, the overpotential can be calculated under the same 
conditions (SoC, current, temperature), as the system contains an overpotential function to 
estimate the remaining time of use, as explained above. The estimated overpotential T| meas 

1 5 derived from the measured battery voltage can now be compared to the calculated 

overpotential r| ca ic- Note that both have been determined for the same SoC, current and 
temperature. The difference between T| mea s and r| ca i c can now be used as input for an Adaptive 
Control Unit (ACU). By changing the parameters in the overpotential function that yields 
ilcaic the ACU will now strive to minimize the difference between r| mea s and r| ca ic for 

20 subsequent values of SoC. By repeating this process for increasing SoC values during CC 
mode, the ACU should be able to converge to a new set of parameters of the overpotential 
function such that the difference between the 4 reaF overpotential T| mea s (derived from 
measured battery voltage and stored EMF curve) and the calculated overpotential r| ca i c is 
minimized. Various well-known systems can be used to implement the ACU, which is 

25 basically an optimises 

As a result of the update mechanism, the overpotential function parameters 
will be updated to take into account any drift in e.g. ohmic resistance of the battery due to 
ageing. An embodiment of this update mechanism will be shown in the next section. 

For both update mechanisms as well as the regular SoC algorithm described in 

30 US patent no. 6,515,453 it is an advantage to implement the EMF curve by means of a 
physical equation including temperature as a parameter. By doing this, the temperature 
dependence of the EMF can be dealt with both in normal operation and for the update 
mechanisms. A possible implementation of this temperature-dependent EMF function is 
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given below (generalized form adapted from thesis/book). The EMF of the battery is 
determined by the difference in equilibrium potentials of the positive and negative electrodes, 
see eq. (6). 



rpeq _ -rpeq jpeq 



(6) 



For each of the electrodes, the equilibrium potential is described in various 
phases, in which different parameter values describe the different shapes of the EMF curve in 
each phase. Each phase transition occurs at a certain SoC value, which can be translated into 

10 a certain mol fraction X L i- Note that the mol fraction is indeed a relative quantity, where 

Xii=l when all sites in the electrode have been filled with Li-ions and Xu=0 when all Li-ions 
have been extracted from the electrode. In the example given, two phases are assumed to 
describe the behaviour of both the positive and negative electrode. The phase transition at the 
positive electrode occurs at X L i=0.75 and at 0.25 for the negative electrode. In practice, the 

1 5 mol fraction at which a phase transition occurs and the number of phase transitions depend 
strongly on the battery type. 



Positive electrode: 



(E eq ) = E° + 

V" pos ) phase 1 P os ^ 



20 for Xii>0.75, and 
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(7) 
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(8) 



forxii<0.75. 



25 Negative electrode: 
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[e 69 ) 

v "eg 'phase 2 



= E° 



neg,2 



+ 



RT 
nF 



J 



JJ x nes 4- V 



neg,2 



(10) 



forX Li >0.25. 

5 In order to avoid a discontinuity in the curve, the following relation between 

the Ui, U 2 , Ci and £2 parameters are valid, assuming E°i= E° 2 (x phase ^8^=0.75 for pos. and 
0.25 for neg. electrode): 

^2 ~ 0^2 ™ Ul ) X phase transition + C I (1 1) 

10 

Temperature dependence of the parameters E°, U and £ can also be taken into 
account. For E° this temperature dependence is given by: 

E°(T) = E° (T ref ) + (T - T ref )^ (12) 

15 

where T re f is the reference temperature, e.g. 298 K. 

Detailed description of how to build and use the invention 
The proposed invention should be implemented in an SoC algorithm implemented in a 

20 portable device powered by a rechargeable Li-ion battery. In principle, parts of the invention 
could also be applied in SoC systems for other rechargeable battery types. 

The battery voltage, temperature and current are used as inputs to the system. 
These analog variables are digitized and fed to a micro controller. The SoC algorithm 
proposed in US patent no. 6,515,453 runs on the micro controller, with the addition of the 

25 two update mechanisms for Cap max and the overpotential function described above. 
Moreover, both the EMF as the overpotential should be described as a function of 
temperature and other variables and parameters, as described above. The time reference is 
obtained from a crystal oscillator. The ROM stores predefined functions and parameters, such 
as the EMF curve, Cap max and the initial set of parameters for the overpotential function. The 

30 RAM is used to store updated battery information. Methods to update the EMF curve have 
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been described in US patent no. 6,420,851. Embodiments of the Capmax and overpotential 
function update mechanisms will be described below. 
Update mechanism for Cap ma x 

The embodiment for the Cap max parameter is given by means of a flow chart 
5 below. In addition to the embodiment shown, several supplements can be thought of: 

When the user does not apply overnight charging, but quickly wants to recharge part of the 
battery capacity, the update mechanism could be skipped by e.g. a user switch. This prevents 
unnecessary waiting time at the beginning of charging. Another alternative for this was 
mentioned above in the form of taking the latest SoC value before entering charge mode as 
10 starting value. 

The newly determined Capmax value could be compared to the old value and 
the number of charge/discharge cycles since the last update. Unrealistic changes in value 
could be blocked in some cases and the old value could then be retained. 

Although the conditions should be constant, one could place the charger in 
1 5 either a very cold or very hot place. This could influence the accuracy of the method and 
hence the update mechanism should be skipped in these extreme cases. 

Figure 1 shows a flow diagram of Capmax update mechanism 
An embodiment of the overpotential function update mechanism is shown in 
figure 2, which shows a preferred embodiment of mechanism to update parameters pari..par n 
20 in overpotential function. 

The SoC value is determined starting from a starting SoC value when entering 
charge mode and adding the accumulated charge obtained from integrating the charge 
current. The latest value of the parameter Capmax is used to obtain the SoC value on a 
percentage scale. Each time a new set of battery variables hat andTbat is measured, the 
25 SoC algorithm estimates a new SoC value. Based on this SoC value the a reaT overpotential 
Tjmeas and the calculated overpotential rj ca i c are determined. The difference £ betweemthe two 
is fed to an ACIX. Based on the new value of the error _£ compared to earlier error values the 
ACU decides to update the. parameter set par t . .par a of die overpotential_ftinction.„ This process 
is repeated an ar bilx^/ rtumber of times in CC mode of the charging process of a Li-ion 
30 battery. The value"of the errors shoulu.be mmrmi^jd kLan itemfo^pro'cesB._Aii3r 
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Possible supplements of the embodiments are similar to the ones mentioned 
for the updating mechanism of Capmax- A comparison between new and old parameter values, 
taking into account the number of charge/discharge cycles since the last update, could lead to 
blocking the new parameter values due to unrealistic changes. Moreover, the update process 
5 could be suspended under extreme circumstances, e.g. charging under extreme temperature 
conditions (below zero degrees Celsius or at very high temperatures of e.g. 60 degrees 
Celsius or higher). 

Finally, one could also think of a slightly different implementation for storing 
the overpotential function and adapting it for ageing. As explained above, it is possible to 

10 'measure' the overpotential during charging. The obtained overpotential values can be stored 
in a memory. In CC mode, this yields various overpotential values at a constant current and 
temperature and variable SoC values. The battery impedance is fairly linear with respect to 
current for Li-ion batteries and only depends on SoC when the battery is almost empty or 
almost full. Therefore, the battery impedance for other current values can be extrapolated 

15 from the stored overpotential values for one current value. This can even be checked in CV 
mode, because in that case the current decreases, so the system can actually measure the 
overpotential for currents lower than the CC current and check it with extrapolated currents. 
As the SoC increases during charging in CV mode, at some point the measured 
overpotentials will start to differ from the overpotentials obtained from extrapolating the 

20 current. This deviation can then be attributed to the SoC approaching the full state. This 
dependence should then also be stored in some form of linear or polynomial fitting. 
Temperature dependence of the overpotential can be taken into account by using an 
Arrhenius equation: 



25 r|(T)=r[ 0 exp 



par 

RT 

v j 



(13) 



where T|(T) is the temperature-dependent overpotential, r|° is the pre-exponential factor and 
E a par is the activation energy of the overpotential. For the measured temperature the values of 
r|° and E a par could be updated, which updates the complete temperature-dependence of the 
30 overpotential. Basically, one stores the dependencies of the overpotential on I, SoC and T in a 
loop-up table, where some of the table cells are directly filled in with measurements and 
others are filled in based on extrapolations of measured points, taking some assumed basic 
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(linear;, quadratic, etc) dependence into account. As the overpotential is linear and 
symmetrical, the overpotentials stored for charging current I can also be used for discharging 
current I. 

The invention can be applied in portable battery-powered equipment, 
particularly for Li-ion batteries. The invention leads to accurate estimation of the battery 
SoC, even during aging of the battery. Adaptivity of a SoC indication system is crucial. 
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CLAIM: 



1 . A method of estimating the state-of-charge of a rechargeable battery, 

comprising the steps of: 

determining the starting state-of-charge of the battery by measuring the 
voltage across the battery and converting this measured value into a state-of-charge value; 

charging the battery; 

integrating the charge current and determining the accumulated charge during 
charging of the battery and adding said value to the starting state-of-charge. 
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ABSTRACT: 



Disclosed is a method of estimating the state-of-charge of a rechargeable 
battery, taking into account the factors battery spread and ageing. The method comprises the 
steps of: 

determining the starting state-of-charge of the battery by measuring the voltage across the 
battery and converting this measured value into a state-of-charge value; 
charging the battery; 

integrating the charge current and determining the accumulated charge during charging of the 
battery and adding said value to the starting state-of-charge. 

Also disclosed is a method for determining the use time left of a rechargeable battery. 



Fig. 1 
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